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Introduction
Eukaryotic pseudouridine synthases comprise a highly
conserved protein family, whose best characterized
members are yeast Cfb5p, rat NAP57, and mouse and
human dyskerin [1]. These proteins localize in the
nucleolus and are involved in a variety of essential cellu-
lar functions, including processing and modiﬁcation of
rRNA [2], internal ribosomal entry site-dependent
translation [3], DNA repair [4], nucleo-cytoplasmic
shuttling [5] and, in mammals, stem cell maintenance
and telomere integrity maintenance [6]. In archaeons
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Eukaryotic pseudouridine synthases direct RNA pseudouridylation and
bind H ⁄ACA small nucleolar RNA (snoRNAs), which, in turn, may act as
precursors of microRNA-like molecules. In humans, loss of pseudouridine
synthase activity causes dyskeratosis congenita (DC), a complex systemic
disorder characterized by cancer susceptibility, failures in ribosome biogen-
esis and telomere stability, and defects in stem cell formation. Considering
the signiﬁcant interest in deciphering the various molecular consequences
of pseudouridine synthase failure, we performed a loss of function analysis
of miniﬂy (mﬂ), the pseudouridine synthase gene of Drosophila, in the wing
disc, an advantageous model system for studies of cell growth and differen-
tiation. In this organ, depletion of the mﬂ-encoded pseudouridine synthase
causes a severe reduction in size by decreasing both the number and the
size of wing cells. Reduction of cell number was mainly attributable to cell
death rather than reduced proliferation, establishing that apoptosis plays a
key role in the development of the loss of function mutant phenotype.
Depletion of Mﬂ also causes a proliferative disadvantage in mosaic tissues
that leads to the elimination of mutant cells by cell competition.
Intriguingly, mﬂ silencing also triggered unexpected effects on wing pattern-
ing and cell differentiation, including deviations from normal lineage
boundaries, mingling of cells of different compartments, and defects in the
formation of the wing margin that closely mimic the phenotype of reduced
Notch activity. These results suggest that a component of the pseudouridine
synthase loss of function phenotype is caused by defects in Notch
signalling.
Abbreviations
A, anterior; ap, apterous; Cas3, caspase-3; DC, dyskeratosis congenita; D, dorsal; en, engrailed; FLP ⁄ FRT system, site-directed
recombination system from the Saccharomyces 2 l plasmid; GAL4, yeast galactose 4 activator protein; GFP, green fluorescent protein;
LacZ, bacterial b-galactosidase; mfl, minifly; P, posterior; PH3, phosphohistone H3; rRNP, ribosomal ribonucleoprotein; RNAi, RNA
interference; snoRNA, small nucleolar RNA; snoRNP, small nucleolar RNA-associated ribonucleoprotein; UAS, yeast upstream activation
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and all eukaryotes, members of the dyskerin family
associate with small nucleolar RNAs (snoRNAs) of the
H ⁄ACA class to form one of the four core components
of the H ⁄ACA small nucleolar RNA-associated ribonu-
cleoprotein (snoRNP) complexes responsible for rRNA
processing and conversion of uridines into pseudouri-
dines [1]. In the modiﬁcation process, proteins of the
dyskerin family act as pseudouridine synthases, and
H ⁄ACA snoRNAs select, via speciﬁc base-pairing, the
speciﬁc residues to be isomerized [7,8]. In addition to
rRNA, which represents the most common target, small
nuclear RNAs, tRNAs or other RNAs can also be spe-
ciﬁcally pseudouridylated. Although pseudouridylation
can contribute to rRNA folding, and ribosomal ribonu-
cleoprotein (rRNP) and ribosomal subunit assembly,
and can subtly inﬂuence ribosomal activity, the exact
role of this type of modiﬁcation still remains elusive.
The crucial role of pseudouridine synthases as H ⁄ACA
snoRNA-stabilizing molecules [7,8] raises the possibility
that their loss may also elicit a variety of pleiotropic
effects related to a drop in snoRNA levels. This issue is
of particular relevance, because H ⁄ACA snoRNAs
could act as potential microRNA precursors [9–13].
Besides participating in the formation of H ⁄ACA snoR-
NPs, mammalian dyskerin associates with telomeric
RNA, which contains an H ⁄ACA domain, to form an
essential component of the telomerase active complex
[14]. Dyskerin is thus part of at least two essential but
distinct functional complexes, one involved in ribosome
biogenesis and snoRNA stability and the other in telo-
mere maintenance. In humans, dyskerin is encoded by
the DKC1 gene [15], and its loss of function is responsi-
ble for X-linked DC (X-DC), a rare skin and bone mar-
row failure syndrome, and for Hoyeraal–Hreidarsson
disease, now recognized as a severe X-DC allelic variant
[16]. X-DC perturbs normal stem cell function, causes
premature ageing, and is associated with increased
tumour formation [6]. The distinction between the
effects caused by telomere shortening and those related
to impaired snoRNP functions is one of the main chal-
lenges posed by the pathogenesis of this disease. In this
regard, Drosophila may represent an attractive model
system with which to dissect the speciﬁc roles played by
dyskerin in its two functionally distinct complexes.
The Drosophila homologue of dyskerin, encoded by
the Nop60B ⁄miniﬂy (mﬂ) gene [17,18], is highly related
to its human counterpart, sharing with it 66% identity
and 79% similarity. The conservation increases
remarkably within several speciﬁc domains, so that
total identity exists between the Drosophila and human
proteins within the two TruB motifs and the pseudo-
uridine synthase and archaeosine transglycosylase
RNA-binding domain, which are involved in the
pseudouridine synthase activity. In addition, the most
frequent missense mutations identiﬁed in X-DC
patients fall in regions of identity between the human
and the Drosophila genes. The DKC1 and mﬂ genes
also share a common regulatory network, as both are
positively regulated by Myc oncoproteins [19,20],
which play an evolutionarily conserved regulatory role
in cell growth and proliferation during development
[21,22]. Despite these similarities, telomere mainte-
nance in Drosophila is not performed by a canonical
telomerase, but by a unique transposition mechanism
involving two telomere-associated retrotransposons,
HeT-A and TART, which are attached speciﬁcally to
the chromosome ends [23]. The striking conservation
of rRNP ⁄ snoRNP functions, coupled with a highly
divergent mechanism of telomere maintenance, makes
Drosophila a valuable system in which to assess the
roles speciﬁcally played by pseudouridine synthases in
different functional complexes.
In previous genetic analyses, we showed that null
mutations of mﬂ caused larval lethality, whereas ﬂies
carrying hypo-morphic mutations were viable, and
caused a variety of defects, including developmental
delay, defective maturation of rRNA, small body size,
alterations of the abdominal cuticle, and reduced fertil-
ity [18]. However, the low vitality and fertility caused by
the mﬂ hypomorphic allele impeded a detailed investiga-
tion of the molecular mechanisms that underlie its
complex phenotype. We have now used RNA interfer-
ence (RNAi) induced by the yeast galactose 4 activator
protein (GAL4) ⁄yeast upstream activation sequence
(UAS) system to knock down gene expression in speciﬁc
regions of transgenic ﬂies. Given that formation of the
Drosophila wing is an advantageous model system with
which to study growth control and cell differentiation,
we focused our analyses on the effects of loss of Mﬂ on
the size and patterning of the wing. The results reported
here indicate that mﬂ silencing affects organ dimensions
mainly by reducing cell size and increasing apoptosis.
Intriguingly, mﬂ-underexpressing cells exhibit a growth
disadvantage and are progressively eliminated by cell
competition in mitotic mosaics. Notably, other pheno-
types associated with mﬂ knockdown mimic those
caused by impaired Notch signalling, suggesting that
Mﬂ pseudouridine synthase activity is required for the
normal function of this conserved signalling pathway.
Results
RNAi expression
In previous molecular analyses, we showed that the
DKC1 Drosophila orthologue (called mﬂ) encodes four
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main mRNAs of 1.8, 2.0, 2.2 and 1 kb in length
[18,24] (Fig. 1A). The three longer transcripts dis-
played identical coding potentials, differing from each
other only at the level of their 3¢-UTRs, whereas an
alternative spliced 1.0 kb variant encoded a minor pro-
tein subform whose function remains, so far, elusive
[24]. To reduce the expression of all mRNAs, we used
a UAS silencing construct [25] targeting the exon
2–exon 3 junction, a sequence shared by all mRNAs
(Fig. 1A). Two transgenic lines carrying an indepen-
dent insertion of the construct, named 46279 and
46282 (Fig. 1B), were tested for silencing efﬁciency
upon ubiquitous RNAi expression driven by the act5c–
GAL4 driver. Under these conditions, eclosion or for-
mation of pharate adults was never observed, and
severe developmental delay and larval lethality
occurred in both strains. However, the lethal phase dif-
fered, as most of the 46282-silenced progeny died as
ﬁrst instar ⁄ second instar larvae (Fig. 1C), whereas
some 46279-silenced larvae developed up to the third
instar, although with a signiﬁcant delay (6–7 days).
However, none of these latter progeny pupariated, and
most of them showed multiple melanotic tumours
(Fig. 1D). Larval melanotic tumours are not believed
to be neoplastic, but are thought to arise as a result of
immune responses to cells and tissues that are incor-
rectly differentiated, or from haematopoietic cells that
overgrow during the third larval instar stage [26,27].
To further deﬁne the silencing efﬁciency of the RNAi
constructs, total RNA was isolated from 46282-
silenced and 46279-silenced larvae and their controls,
and the amounts of mﬂ transcripts were determined by
real-time RT-PCR experiments. Both silenced proge-
nies showed a signiﬁcant drop in mﬂ transcript levels
(Fig. S1), with the higher loss corresponding to a com-
bination that displayed an earlier lethal phase
(46282 ⁄ act5c–GAL4). These data indicated that sur-
vival is generally related to the level of mﬂ transcripts,
conﬁrming the previously described dose effects of mﬂ
alleles [18]. As both phenotypic and molecular data
indicated that the 46282 line exhibited the most
marked silencing effect, this strain was used in sub-
sequent experiments. Even though this strain was
predicted to have high silencing speciﬁcity and no off-
targets (see http://stockcenter.vdrc.at), we utilized two
additional VDRC lines carrying a different UAS
silencing construct [25] in order to completely rule out
the possibility that the observed effects could be
caused by silencing of an independent gene. The two
lines, named 34597 and 34598, exhibited a silencing
A
B
C D
Fig. 1. Structure and expression of
mfl-silencing constructs. (A) Schematic
structure of the four mfl mRNA isoforms
[24]; coding regions are in black. The black
bar on the top shows the position of the
DNA segment employed in the 16822 VDRC
RNAi construct [25], which targets all mRNA
isoforms, and the open bar shows the
position of the DNA segment employed in
the 34597 and 34598 VDRC RNAi strains
[25], which is unable to target the 1.0 kb
variant mRNA. (B) Main properties of the
46279 and 46282 transgenic lines, each
carrying an independent insertion of the
16822-silencing transgene on chromo-
some 2, and of the 34597 and 34598 lines,
each carrying an independent insertion of
the 10940-silencing transgene on
chromosomes 3 and 2, respectively. (C, D)
Phenotypes generated by RNAi-mediated
silencing in larvae of 46282 ⁄ act–GAL4 and
46279 ⁄ act–GAL4 genotypes.
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efﬁciency weaker than that displayed by the 46282
strain, possibly because the silencing construct was
unable to target the alternative spliced 1.0 kb variant
mRNA (Fig. 1A). However, although at lower pene-
trance and expressivity, the phenotypes obtained in the
46282 strain were similarly observed in both the 34597
and 34598 lines.
Loss of Mfl pseudouridine synthase affects both
size and morphogenesis of the developing wing
To overcome the lethality induced by ubiquitous
silencing, we focused our analyses on the developing
wing, which represents an excellent and well-character-
ized model for the study of organogenesis. The effects
caused by depletion of the Mﬂ pseudouridine synthase
were dissected by driving RNAi expression in different
wing territories. The GAL4 lines used in these experi-
ments, their expression proﬁle in the wing and the
summary of the overall effects elicited are shown in
Fig. 2. When silencing was directed by the nub–GAL4
driver, which triggers RNAi in the whole wing blade
and hinge, we observed a 45% average reduction in
wing size. Intriguingly, only 10–20% of these small
wings were correctly patterned, and most showed mod-
erate or severe developmental defects. These defects
were variable, ranging from ectopic or irregular vein
formation and wing blisters to complete disorganiza-
tion of the wing blade, which appeared crumpled or
vestigial (Fig. 2A). Silencing directed by MS1096–
GAL4 (which drives RNAi in the dorsal (D) compart-
ment of the wing disc earlier, and more broadly
throughout the developing wing pouch later [28])
caused markedly stronger defects, consisting in severe
wing malformations with complete penetrance. As
shown in Fig. 2B, these wings showed absent or irregu-
lar margins and were often strongly underdeveloped
and highly disorganized, phenocopying a severe vesti-
gial-like phenotype. As expected, wing undergrowth
was more marked in the D compartment, such that the
blades curved upwards, and lack of adhesion between
the D and ventral (V) wing surfaces caused frequent
formation of blisters (Fig. S2). Notably, these effects
were occasionally asymmetrical, with one wing
strongly deformed and the other less affected, and in
most cases the phenotypes were more severe in males
than in females (not shown). The main defects trig-
gered by the vg–GAL4 driver, which activates RNAi at
the D–V boundary, were incomplete and notched mar-
gins with variable scalloping of the wing blade, and
loss or irregular patterning of the margin bristles
(Fig. 2C). Again, the phenotype was occasionally
asymmetrical, with only one wing exhibiting strong
abnormalities. The engrailed (en)–GAL4 driver trig-
gered mﬂ silencing speciﬁcally in the posterior (P) com-
partment. Wing abnormalities were thus essentially
restricted to the P sector, and included a signiﬁcant
reduction of this area, notches and loss of hairs at the
nub
MS1096
vg
en
A
B
C
D
Fig. 2. Adult wing phenotypes generated by RNAi-mediated mfl silencing. RNAi was activated by nub–GAL4 (A), MS1096–GAL4 (B), vgBE–
GAL4 (C) and en–GAL4 (D) drivers, whose expression profiles in the wing are depicted on the right. Phenotypes were highly variable, rang-
ing from mild (left) to more severe defects (right).
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P margin, and alterations in the position of the P veins
(Fig. 2D). Strong disorganization of the whole wing
blade, mimicking a vestigial-like phenotype, was also
observed in about 30% of these ﬂies. All together, the
results obtained with different GAL4 driver lines indi-
cated that mﬂ silencing not only affects wing size, but
also causes a variety of morphogenetic defects affecting
wing development. Although present at lower pene-
trance and expressivity, similar phenotypes were
observed after mﬂ silencing in the 34597 and 34598
lines (Fig. S3).
mfl regulates organ size by affecting the size and
the number of cells
To determine whether the reduced wing size of mﬂ
knockdown ﬂies resulted from a decrease in the size
and ⁄or in the number of cells, we performed different
morphometric analyses (see Experimental procedures).
In these experiments, nub–GAL4-silenced and en–
GAL4-silenced ﬂies showing mild patterning defects
were chosen, and their total wing area, anterior (A)
and P compartments area and cell density were mea-
sured (see Experimental procedures). Cell size was then
estimated as the inverse of cell density. Loss of Mﬂ in
the P compartment (46282 ⁄ en–GAL4) resulted in a
nearly 20% reduction in wing size as compared with
controls (Fig. 3A,B,F). As expected, this reduction was
mostly restricted to the P compartment, as conﬁrmed
by the signiﬁcant increase in the A ⁄P compartment
ratio (Fig. 3F). The numbers of cells were almost iden-
tical in standard square areas from the A and P com-
partments, indicating that cell size was normal
(Fig. 3H). Hence, the reduction in the P compartment
might arise from reduced proliferation or from
increased cell death (see next paragraph). The total
wing area was reduced by 45% in knockdown ﬂies of
the 46282 ⁄ nub–GAL4 genotype, with the A and P com-
partments contributing identically to this drop
(Fig. 3C,D,G). However, in this case, the diminution
of wing size was accompanied by a decrease in cell size
(Fig. 3H). Taken together, these results indicated that
loss of Mﬂ can affect both cell size and number. The
relative contribution of these effects to wing size may
depend on the strength of the GAL4 driver and ⁄or the
domain of RNAi expression. Indeed, it is reasonable
to suppose that weak silencing may only affect cell
size, whereas strong silencing may lead to apoptosis.
Alternatively, the effects may depend on the mutant
area [29]. In fact, the loss of wing tissue and the drop
in cell numbers observed in the silenced compartment
of 46282 ⁄ en–GAL4 wings may derive from the con-
frontation along the A–P compartment boundary of
cells with different levels of mﬂ expression. To better
evaluate the role played by Mﬂ in viability, growth
and differentiation of cells, we then extended our anal-
yses to earlier developmental stages, looking at the
developing wing disc.
mfl silencing impairs compartment boundary
formation
The wing disc is subdivided into A, P, D and V com-
partments by lineage restriction boundaries [30,31].
This allowed us to limit the expression of Mﬂ to spe-
ciﬁc domains, thus deﬁning the responses of deﬁnite
territories of cells to its depletion. The expression of
Mﬂ in wild-type discs is ubiquitous and localized to
the nucleoli, as previously observed in other tissues
[18] (Fig. 4A). In discs subjected to mﬂ silencing in the
P compartment (marked by the expression of the
UAS–GFP transgene; see Fig. 4B), strong and localized
Mﬂ depletion was observed. Intriguingly, in these
discs, the A–P boundary, depicted by the edge of green
ﬂuorescent protein (GFP) expression, appeared irregu-
lar and deformed (Fig. 4B). This defect cannot simply
be explained on the basis of growth perturbation, as
previous studies on Minute mutations, which affect
ribosome components [32,33], indicated that different
relative growth rates of the A and P compartments do
not perturb compartment boundary formation [29,32].
We then checked the expression of key patterning reg-
ulatory genes in the silenced discs. To check the activ-
ity of the Notch pathway, which is implicated in the
control of a variety of cellular processes, including cell
proliferation, cell fate speciﬁcation, and determination
of the compartment afﬁnity boundary [34–36], we fol-
lowed the expression of the wingless (wg) gene, known
to be a major Notch target, in patterning of the wing
margin. In wild-type discs, signalling between V and D
cells resulted in the formation of a band four or ﬁve
cells wide at the D–V border, which was marked by a
central stripe of wg expression (Fig. 4C). Notably,
staining of 46282 ⁄ en–GAL4-silenced discs with speciﬁc
antibody against Wg showed also that the D–V margin
was undulatory and distorted (Fig. 4C). Thus, the ﬁrst
effect elicited by localized mﬂ silencing in the develop-
ing disc appears to be a deformation of normal lineage
boundaries. Consistent with the results obtained by
morphometric analysis, when 46282 ⁄ en–GAL4-silenced
wing discs were labelled with antibody against acti-
vated caspase-3 (Cas3), localized apoptosis was
observed in the P compartment (Fig. 5A,A¢). In con-
trast, staining of mitotic cells with antibody against
phosphohistone H3 (PH3) did not show a signiﬁcant
decrease in cell division (Fig. 5B,B¢).
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Fig. 3. Organ and cell size adult phenotypes produced by mfl silencing. Wings of 46282 ⁄ en–GAL4 and 46282 ⁄ nub–GAL4 male adult flies
(A, C) and their + ⁄ en–GAL4 and + ⁄ nub–GAL4 respective controls (B, D) were analysed to determine total wing area, size of A and P compart-
ments, and their ratio (A ⁄ P). Cell number was calculated by counting the number of tricomes (each cell has a single tricome) for the selected
area of each compartment, shaded in orange for the A compartment and in azure for the P compartment (E). The number of cells within a
standard square allowed us to calculate the cell density. Induction of mfl silencing in the P compartment by the en–GAL4 driver specifically
reduced this sector of the wing blade, leading to a significant increase in the A ⁄ P ratio (F). Ubiquitous silencing directed by nub–GAL4
reduced the size of the whole wing size without significantly affecting the A ⁄ P ratio (G). Cell density, reported in (H), indicates the average
number of cells counted in a standard square of 0.25 mm2; SD, standard deviation. Note the marked increase in cell density occurring in
wings of the 46282 ⁄ nub–GAL4 genotype but not in those of the 46282 ⁄ en–GAL4 genotype. This indicates that final wing size is regulated
by reducing cell dimensions in 46282 ⁄ nub–GAL4 flies but not in 46282 ⁄ en–GAL4 flies.
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In the 34597 and 34598 strains, mﬂ silencing in the
D compartment under the control of the apterous
(ap)–GAL4 driver led to larval lethality, although a
few adult escapers exhibiting notum and ⁄or wing
defects highly reminiscent of defective Notch signalling
(Fig. S3) were recovered. No adults of the 46282 ⁄
ap–GAL4 genotype were recovered, but the larval wing
discs, although smaller and abnormal in shape, were
still amenable to immunostaining analyses. The expres-
sion domain of GAL4, marked by the UAS–GFP
reporter, was strictly coincident with the region in
which Mﬂ was depleted (Fig. 6A,B). Remarkably, in
these discs, the edge of the D–V boundary was again
irregular (Fig. 6B). As in wild-type discs (Fig. 6C), Wg
expression strictly followed the D–V margin, although
this was highly deformed (Fig. 6D,E). Moreover, in
late third instar discs, patches of boundary cells started
to detach from the irregular D–V border, becoming
surrounded by V cells (Fig. 6E). Discontinuous and
irregular formation of the D–V margin was similarly
observed after mﬂ silencing in the 34597 and 34598
lines (Fig. S3), leading us to exclude the occurrence of
off-target effects. All together, these observations fur-
ther conﬁrm that mﬂ downregulation strongly disturbs
the shape of the boundary and affects Notch signalling
and wg expression. Although the most simple explana-
tion for these results is that Notch signalling requires
high levels of protein synthesis, we noticed that a
canonical Brd-box, a typical hallmark of Notch target
genes [37], is present within the 3¢-UTR of the two
longer mﬂ transcripts (Fig. S4). Thus, although more
direct evidence is required, it cannot be excluded that
mﬂ may represent a direct target of the Notch regula-
tory cascade.
Taking advantage of the strong silencing exerted by
the ap–GAL4 driver in the 46282 genotypic context, we
A
B
C
Fig. 4. Depletion of Mfl affects the shape
of compartment boundaries in the wing
disc. (A) In wild-type third instar wing discs,
Mfl (red) is expressed ubiquitously and local-
izes in the nucleolus (left). In 46282 ⁄ en–
GAL4 discs, RNAi specifically triggered in
the P compartment (green, GFP-labelled in
B) elicits strong and localized Mfl depletion
(right). (B) A strong deformation of the A–P
compartment boundary is observed in the
silenced discs (right) as compared with the
control (left). (C) The D–V compartment
border, marked by the central stripe of Wg
expression (blue; white in the inset) was
also found to be deformed and undulatory
upon mfl silencing (right), indicating that Mfl
depletion perturbs both the A–P and D–V
boundaries.
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investigated whether mﬂ underexpression in the D
compartment affected cell proliferation and ⁄or apopto-
sis more signiﬁcantly. In control discs, the average
numbers of dividing cells were similar in the D and V
compartments. Instead, in the silenced discs, the prolif-
eration rate was, on average, reduced by about 14% in
the D (silenced) compartment as compared with the V
(unsilenced) compartment (Figs 6F and S5). This
reduction is quite modest, suggesting that apoptosis
could be the main contributor to the loss of function
mﬂ phenotype. The localized increase in apoptosis may
be an indirect consequence of abnormal compartment
boundary formation, which in turn may derive from
defects in cell adhesion and ⁄or cell communication.
mfl silencing triggers apoptosis and sorting out
of D cells towards the V compartment
To assess the speciﬁc effects on cell apoptosis, ap–
GAL4,UAS–GFP silenced-discs were stained with
antibody against activated Cas3. These experiments
revealed a dramatic effect in late third instar wing
discs, where Cas3 labelling revealed large areas of
apoptotic foci. Remarkably, these foci correspond to
D (GFP-labelled) cells that crossed the D–V boundary,
becoming embedded in the V compartment (Fig. 7).
This indicated that the silenced cells, albeit retaining D
identity, failed to maintain stable interactions with
other D cells and sorted-out towards the V compart-
ment. This conduct is compatible with invasive migra-
tory behaviour, possibly acquired as consequence of
loss of speciﬁc afﬁnity for the proper compartment or,
alternatively, with progressive displacement of the
dying D cells by the faster-growing V cells. Consider-
ing that correct formation of the D–V boundary nor-
mally prevents mingling of D and V cells, it seems
reasonable to conclude that in the silenced discs the
irregular and defective formation of the D–V border is
caused by defective cell–cell interactions, which, in
turn, may lead to apoptosis. Remarkably, RNAi-medi-
ated silencing of DKC1, the human orthologue of mﬂ,
has similarly been reported to induce lack of adhesion
of cultured cells [38].
mfl activity is involved in cell competition
To further deﬁne the effects of loss of Mﬂ on cell sur-
vival, we used mosaic analysis to induce clones homo-
zygous for mﬂ 05, a loss of function mutation causing
larval lethality [18]. Site-speciﬁc mitotic recombination
was induced by means of the site-directed recombina-
tion system from the Saccharomyces 2 l plasmid
A A′
B′B
Fig. 5. Effects of mfl silencing on apoptosis
and cell proliferation in the wing disc. (A, A¢)
mfl silencing in the P compartment, under
control of the en–GAL4 driver, causes signif-
icant induction of apoptosis in the silenced
compartment (marked by the UAS–GFP
reporter), as visualized by staining with anti-
body against activated Cas3 (red). (B, B¢) In
contrast, staining with antibody against PH3
(red) to visualize mitotic cells did not show a
significant alteration of the proliferative rate
in the P compartment (marked by the
UAS–GFP reporter; see also Fig. S5B).
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(FLP ⁄FRT) system [39], and the wing discs were anal-
ysed for the presence of homozygous mutant cells.
Mutant clones were ﬁrst generated in a Minute back-
ground, by heat-inducing FLP recombinase in M+ ⁄ )
heterozygous larvae (see Experimental procedures).
Minute mutations affect protein synthesis and are char-
acterized by recessive cell lethality and by a dominant
growth defect [32]. As heterozygous M+ ⁄ ) cells,
although viable, are delayed in their development and
take longer to reach their normal size, this background
furnishes a favourable context to facilitate the survival
and growth of clones homozygous for a deleterious
mutation. In these experiments, mutant clones were
marked by the absence of bacterial b-galactosidase
(LacZ), whereas twin clones homozygous for the
Minute mutation could not produce proteins and died.
At 48 h after induction, mﬂ 05 cells were viable and
capable of covering large areas of the disc (Fig. 8A),
indicating that the mﬂ 05 mutation is not lethal at the
cellular level. Large mutant clones that originated
early, before the establishment of the D–V border,
abutted this margin, leaving its shape locally unaf-
fected, as demonstrated by the normal pattern of Wg
expression in D–V edge cells (Fig. 8A). These observa-
tions supported the hypothesis that deformation of
compartment boundaries could be caused by juxtaposi-
tion of cells expressing different amounts of Mﬂ along
the borders, and suggested that a Minute background
might furnish a homotypical environment in which
mﬂ05 cells may compensate for their growth defect. We
therefore attempted to recover mutant clones in the
adult wings. To this aim, mosaics were generated in
larvae of the hsFLP1.22, f 36a; FRT42D, f +, M(2)l2 ⁄
FRT42D, mﬂ 05 genotype, in order to associate the
expression of the mﬂ 05 mutation with that of the forked
marker, which affects the shape of adult tricomes. Sur-
prisingly, the frequency and size of f 36a, mﬂ 05 clones
were strongly reduced as compared with those of f 36a
clones from the hsFLP1.22, f 36a; FRT42D, f +,
M(2)l2 ⁄FRT42D control strain (Fig. 8B). As large
mﬂ 05 clones were recovered in the wing disc, we con-
cluded that viability of mutant cells decreased during
development, and that the ﬁtness of mﬂ 05 cells was sub-
optimal even in a Minute background. Intriguingly,
reduced ﬁtness was accompanied by developmental
abnormalities at the wing margin, where mutant clones
A B
C D E F
Fig. 6. Depletion of Mfl reduces cell proliferation and causes strong deformation of the D–V boundary. Expression of Mfl (red) in wing discs
from control (A) or 46282 ⁄ ap–GAL4-silenced larvae (B). The domain of the expression of the ap–GAL4 driver, restricted to the D compart-
ment, is GFP-labelled (green). The strong and localized depletion of Mfl in the D compartment is accompanied by a marked deformation of
the D–V boundary. The central stripe of Wg expression (red) strictly follows the D–V border in both control (C) and silenced (D, E) discs. This
can be more clearly observed in the insets, where Wg expression (white) is shown alone. Note that in late third instar silenced discs,
patches of D cells detach from the irregular D–V border (E; see arrow). When stained with antibody against PH3 (red) to visualize mitotic
cells, the silenced compartment showed a modest reduction of the proliferative rate (F) (see also Fig. S5A).
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were often surrounded by generalized disorganization of
the adjacent tissue. Two examples are reported in Fig. 8,
which shows a clone at the P wing margin, closely
ﬂanked by a bifurcation of vein L5 and by transversal
wing fractures (Fig. 8C), and a clone at the A wing
margin, surrounded by marked disorganization of the
ﬂanking area (Fig. 8D). This picture hints at the possi-
bility that cells surrounding the mosaic sector may not
differentiate properly, perhaps as consequence of the
confrontation between cells expressing different levels of
Mﬂ or still unexplained cell nonautonomous effects,
such as defects in cell communication and ⁄or cell
afﬁnity.
In order to evaluate the growth of mﬂ 05 cells in a
context allowing twin clone analysis, we induced the
formation of clones homozygous for mﬂ05 in a wild-type
genetic background (see Experimental procedures). In
these experiments, mﬂ 05 clones were recognized by
lack of GFP expression, whereas wild-type twins had
double the amount of GFP expression as that on the
heterozygous background. Remarkably, in this genetic
context, mﬂ 05 clones were completely missing or their
size was greatly reduced as compared with twins
(Fig. 9A,B). Thus, mutant cells are severely disadvan-
taged and eliminated from the epithelium when sur-
rounded by heterozygous wild-type cells. As the
occurrence of context-dependent cell survival is the
main hallmark that distinguishes cell competition from
other processes that involve cell death, this ﬁnding
strongly supports the conclusion that variations in mﬂ
expression levels can actually trigger cell competition.
Discussion
Loss of mfl-encoded pseudouridine synthase
confers a growth disadvantage on cells and
triggers apoptosis
We used the GAL4–UAS system to silence the mﬂ gene
by RNAi in vivo, in the developing wing disc. We
found that mﬂ silencing directed by a variety of differ-
ent drivers was always able to elicit a region-speciﬁc
size reduction in the corresponding domains of GAL4
expression. The size reduction was achieved by
decreases in cell size and cell number, depending on
the GAL4 driver used. A signiﬁcant effect on cell size
was manifested in the wing pouch, where mﬂ silencing
led to markedly higher cell density. Conversely,
a decrease in cell number was observed upon silencing
in the P and D compartments. This effect was mainly
caused by cell death rather than reduced proliferation,
indicating that apoptosis is a major component of the
loss of function mutant phenotype. As induction of
apoptosis has been previously described in the ovaries
of Drosophila mﬂ hypomorph mutants [18] or after
localized RNAi in the notum [40], it can be concluded
that it represents a general consequence of strong
Mﬂ loss. Growth defects caused by Mﬂ depletion were
Fig. 7. Depletion of Mfl triggers apoptosis
coupled with sorting-out cell behaviour. To
better evaluate the effects of Mfl depletion
on cell apoptosis, late third instar
46282 ⁄ ap–GAL4-silenced discs were stained
with antibody against activated Cas3 (red) to
visualize apoptotic cells. As is evident, Cas3
staining revealed large areas of apoptotic
cells localized in the V (unsilenced) compart-
ment. These apoptotic foci were composed
of GFP-labelled dorsal cells, possibly dis-
placed from the D compartment as a conse-
quence of defective differentiation.
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further analysed by mosaic analyses. Although viable,
mutant clones homozygous for the mﬂ 05 lethal allele
were disadvantaged even in the Minute background,
and strongly outcompeted by wild-type cells. Thus,
cells expressing lower levels of Mﬂ have a growth
disadvantage that leads to their elimination by cell
competition, a key mechanism by which cells are able
to coordinate different rates of growth and apoptosis
[41]. Only a few Drosophila mutations, in addition to
Minute, are able to trigger cell competition [42].
Among these, d-myc alleles constitute the best known
example, as mutations reducing d-myc expression cause
cell elimination in mosaics, whereas cells overexpress-
ing d-myc outcompete normal cells [43,44]. Intrigu-
ingly, d-myc hypomorph alleles lead to formation of
small ﬂies [45] whose phenotype is highly reminiscent
of that caused by mﬂ mutations [18]. Considering that
mﬂ is a target of d-Myc in the wing disc in microarray
experiments [19], it is likely that it may mediate several
aspects of the d-myc wing phenotype.
A novel role for the Mfl pseudouridine synthase –
linking tissue growth to developmental events
One important aspect of organ size control is how the
regulation of cell growth, proliferation and death is
integrated with signalling pathways that regulate the
organ’s developmental program. It is, then, particu-
larly relevant that localized mﬂ silencing not only
induces a regional reduction in the size of the silenced
territory, but also affects the formation of compart-
mental boundaries and disturbs wing morphogenesis.
The ﬁnding that mﬂ silencing causes phenotypes highly
reminiscent of those resulting from defective Notch
signalling and strongly perturbs the formation of the
D–V boundary and wg expression is particularly inter-
esting, as it provides new insights into the mechanisms
by which pseudouridine synthases may coordinate
growth with developmental programs. During wing
development, delineation of the D–V boundary is con-
trolled by the Notch pathway, whose impairment leads
A B
DC
Fig. 8. Mosaic analyses of clones homozygous for the mfl05 lethal mutation in the Minute background. (A) FLP ⁄ FRT-mediated site-specific
mitotic recombination was heat-induced in heterozygous larvae of the hs-FLP1.22; FRT42D, mfl 05 ⁄ FRT42D, arm-LacZ, M(2)l2 genotype to
allow mosaic analysis in the wing disc. Mutant clones were recognized by lack of LacZ (red). At 48 h after induction, mfl 05 cells (surrounded
by the red line) were viable and occupied large areas of the developing wing disc. Note that the central stripe of Wg expression (green) that
marks the D–V boundary appears to be normally shaped. (B–D) To follow the presence of mfl 05 clones in the later stages of development,
mitotic recombination was heat-induced in heterozygous larvae of the hs-FLP1.22, f 36a; FRT42D, f +, M(2)l2 ⁄ FRT42D, mfl 05 genotype, and
recombinant clones were detected in the adult wings by expression of the f 36a marker. (B) These clones constituted only a small fraction of
the lamina, indicating that, even in the Minute context, the presence of the mfl05 mutation decreased cell viability during development. In
addition, clones adjacent to the wing margin showed developmental defects in the flanking areas, such as L5 vein bifurcation (C), or general-
ized disorganization of the surrounding tissues (D).
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to both decreased proliferation and cell afﬁnity
changes [35]. Although the possibility cannot be
excluded that reduced expression of Wg may represent
a secondary effect, as it may be correlated with a
reduction in the number of wg-expressing cells at the
D–V boundary, it is intriguing to note that a strong
dependence of Notch activity on the level of ribosome
synthesis during wing development has been suggested
by several authors, suggesting that a cooperative effect
between Notch and Minute mutations is required dur-
ing wing formation [46–49]. Loss of the Nopp140 ribo-
some assembly factors also cause developmental wing
defects, such as notched margins and blister formation
[50]. Our results further support the idea that Notch
signalling in the developing wing is hypersensitive to
translational deﬁcits. However, the ﬁnding that the
Mﬂ pseudouridine synthase may act as an effector
of Notch signalling may be of more general relevance,
as Notch controls cell differentiation in many tissues,
regulating binary cell fate decisions and stem cell
maintenance [51].
The development roles of pseudouridine
synthases and their implications for the
pathogenesis of X-DC
Dyskerin, the human pseudouridine synthase, has con-
served functions in ribosome biogenesis and snoRNP
formation, and plays additional roles in telomere
maintenance [1]. In the pathogenesis of X-DC, the reg-
ulation of telomere stability is usually considered to be
prevalent, and is thought to be the main cause of the
growth defects observed in proliferative tissues. Conse-
quently, the disease is commonly regarded as a ‘telo-
mere and stem cell dysfunction’ [6]. Although this
interpretation is further supported by the observation
that mutations in genes encoding other telomerase
components may cause DC autosomal forms, the fact
that X-DC is more severe strongly suggests that other
dyskerin functions contribute to the disease. This view
has recently been strengthened by the ﬁndings that
dyskerin pathogenic mutations dramatically affect its
interaction with a novel H ⁄ACA snoRNP assembly
factor [52].
The data reported here provide new insights into the
mechanisms by which the dyskerin rRNP ⁄ snoRNP
functions could account for the peculiar severity of
X-DC. In this regard, we consider particularly relevant
the possibility that, as occurs in Drosophila, mammalian
pseudouridine synthases might be involved in crucial
developmental processes, such as Notch signalling and
cell competition. Notch activity is, in fact, essential to
preserve the stem cell ⁄progenitor cell balance, and its
aberrant expression can promote, or abrogate, cancer
development in a context-dependent manner [51]. Thus,
integration of the Notch pathway with ribosome biogen-
esis during development may potentially account, at
least partially, for dyskerin involvement in stem cell
maintenance and cancer, two aspects that have so far
been related exclusively to its role in telomere stability.
Cell competition is also instrumental in stem cell mainte-
nance, as well as in ageing and tumour development
[53], all of which are affected by DC. As this process is
conserved in mouse tissues [54], it is likely that a cell
A B
Fig. 9. Twin mosaic analyses of clones homozygous for the mfl05 lethal mutation. To perform twin clone analyses, FLP ⁄ FRT-mediated site-
specific mitotic recombination was heat-induced in heterozygous larvae of the hs-FLP1.22; FRT42D, P[Ubi-GFP] ⁄ FRT42D, mfl 05 genotype.
mfl05 mutant clones, marked by the red line, were recognized by lack of GFP expression, whereas wild-type twin clones (marked by the blue
line) had double the amount of GFP expression as seen in the heterozygous background. Remarkably, at 48 h after induction, mfl05 clones
were missing or their size was substantially reduced as compared with twins, indicating that they were severely disadvantaged and elimi-
nated by cell competition. To check that cells that did not show GFP expression were not in a different focal plane, the nuclei were visual-
ized by 4¢,6-diamidino-2-phenylindole staining (shown in the insets, bottom right).
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competition-like process is responsible for the growth
disadvantage caused by dyskerin pathogenic mutations
in female heterozygous mice. In these females, extreme
skewing of X-inactivation was observed even in the
absence of telomere shortening, with most heterozygous
cells showing an active wild-type X-chromosome [4,55].
This implies that cells expressing the dyskerin-mutated
allele were disadvantaged and did not survive, as a con-
sequence of a cell competition-like effect. Although this
effect is thought to depend exclusively on the interaction
of dyskerin with telomerase [4], failure of dyskerin
rRNP ⁄ snoRNP functions may make a substantial con-
tribution to it, by triggering progressive elimination of
disadvantaged cells by apoptosis. Indeed, the possibility
that relative differences in rRNP ⁄ snoRNP functions can
trigger cell competition may indicate a novel role for
metazoan pseudouridine synthases in interlacing cell
growth and development.
Finally, recent data showing that snoRNAs may act
as microRNA precursors [9–13] suggests additional
mechanisms by which pseudouridine synthase deple-
tion may affect developmental processes. Loss of
pseudouridine synthases might, in fact, inhibit the
snoRNA-derived microRNA pathway, thereby widely
disturbing metazoan development. It is tempting to
suggest that this mechanism might possibly account, at
least in part, for the plethora of manifestations
displayed by X-DC.
Experimental procedures
Drosophila strains
Flies were raised on standard Drosophila medium at 25 C.
The 46279, 46282, 34597 and 34598 UAS-RNAi mﬂ-silencing
lines were from the VDRC RNAi collection [25]. vgBE–GAL4
and MS1096–GAL4 strains were kindly provided by
S. Cavicchi (University of Bologna, Italy). We also used
ap–GAL4, en–GAL4, nub–GAL4 and the following strains to
generate mosaic ﬂies: hsFLP1.22; FRT42D, armLacZ,
M(2)l2 ⁄CyO and hsFLP1.22; FRT42D, P[Ubi-GFP] ⁄CyO
and hsFLP1.22, f36a; FRT42D, f+,M(2)l2 ⁄CyO. For mosaic
analyses, we used the mﬂ05 lethal allele [18] recombined into
an FRT42D chromosome. All other stocks were obtained
from the Bloomington Drosophila Stock Center (Blooming-
ton, IN, USA).
Morphometric wing analysis
For each progeny, young adult males were sampled and
wings were dissected, dehydrated in ethanol, and mounted
on glasses in lactic acid ⁄ ethanol (6 : 5). Images were captured
with a Spot digital camera and a Zeiss Axioplan microscope,
using · 5 and · 40 magniﬁcation. Areas were quantiﬁed
using photoshop cs3 (Adobe Systems Inc., San Jose, CA,
USA). At least 20 wings were examined for each genotype.
Mosaic clonal analysis
Mitotic clones homozygous for the lethal mﬂ05 allele were
induced by exposing larvae of the appropriate genotypes to
50 min of heat shock at 60 ± 12 h after egg laying (AEL).
Wing discs were dissected at 96–120 h AEL, ﬁxed, and
analysed for the absence of LacZ or GFP expression in a
MicroRadiance (Bio-Rad Laboratories Inc., Hercules, CA,
USA) or Zeiss LSM510 confocal microscopes. The areas of
mﬂ05 clones were quantiﬁed by using an appropriate tool of
photoshop (Adobe Systems).
Antibody staining
Wing discs were dissected, ﬁxed and immunostained as
described in de Celis [56]. Customer rabbit polyclonal anti-
body against Mﬂ [24] (Sigma-Aldrich Inc., St. Louis, MO,
USA; dilution 1 : 120), mouse monoclonal antibody against
Wg (Hybridoma Bank, University of Iowa, Iowa City, IA,
USA; dilution 1 : 50), rabbit polyclonal antibodies against
PH3 and activated Cas3 (Cell Signaling Tech., Danvers,
MA, USA; dilutions 1 : 200 and 1 : 50, respectively) and
rabbit polyclonal antibody against b-galactosidase (Cappel,
Solon, CA, USA; dilution 1 : 200) were used. Fluorescent
secondary antibodies were from Jackson ImmunoResearch
and used at a ﬁnal dilution of 1 : 200. Samples were analy-
sed in a MicroRadiance (Bio-Rad) or Zeiss LSM510 confo-
cal microscope.
RNA analysis
Total RNA was extracted with Tri Reagent (Sigma). For
each sample, 1 lg of RNA from was reverse transcribed
using QuantiTect Rev.Transcription Kit (Qiagen, Hilden,
Germany) and diluted 1 : 10. Quantitative real-time RT-
PCR was performed as previously described [57]. Sequences
of all utilized primers were designed using primer 3 software
(http://frodo.wi.mit.edu) and are available on request.
aTub84B mRNA was used as endogenous control for sample
normalization.
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